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Sand-rich tight sandstone reservoirs are potential areas for oil and gas exploration. However, the high
ratio of sandstone thickness to that of the strata in the formation poses many challenges and un-
certainties to traditional lithofacies paleogeography mapping. Therefore, the prediction of reservoir
sweet spots has remained problematic in the ﬁeld of petroleum exploration. This study provides new
insight into resolving this problem, based on the analyses of depositional characteristics of a typical
modern sand-rich formation in a shallow braided river delta of the central Sichuan Basin, China. The
varieties of sand-rich strata in the braided river delta environment include primary braided channels,
secondary distributary channels and the distribution of sediments is controlled by the successive su-
perposed strata deposited in paleogeomorphic valleys. The primary distributary channels have stronger
hydrodynamic forces with higher proportions of coarse sand deposits than the secondary distributary
channels. Therefore, lithofacies paleogeography mapping is controlled by the geomorphology, valley
locations, and the migration of channels. We reconstructed the paleogeomorphology and valley systems
that existed prior to the deposition of the Xujiahe Formation. Following this, rock-electro identiﬁcation
model for coarse skeletal sand bodies was constructed based on coring data. The results suggest that
skeletal sand bodies in primary distributary channels occur mainly in the valleys and low-lying areas,
whereas secondary distributary channels and ﬁne deposits generally occur in the highland areas. The
thickness distribution of skeletal sand bodies and lithofacies paleogeography map indicate a positive
correlation in primary distributary channels and reservoir thickness. A signiﬁcant correlation exists
between different sedimentary facies and petrophysical properties. In addition, the degree of reservoir
development in different sedimentary facies indicates that the mapping method reliably predicts the
distribution of sweet spots. The application and understanding of the mapping method provide a
reference for exploring tight sandstone reservoirs on a regional basis.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Tight sandstone gas is an important unconventional hydrocar-
bon resource and many studies have been carried out on the tight
sandstone gas reservoirs (Masters, 1984; Zhu et al., 2008; Zou et al.,d Gas Reservoir Geology and
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oscience Frontiers (2016), htt2009; Ye et al., 2011; Mousavi and Bryant, 2012; Prodanovic et al.,
2013; Guo et al., 2013a; Gong et al., 2015; Lü et al., 2015; Xiao
et al., 2015; Poszytek and Suchan, 2016; Wang et al., 2016). Large-
area sand-rich strata are common and important features of tight
sandstone reservoirs, such as in the Cretaceous Frontier Formation
and the Mesaverde Formation in the Green River Basin in the USA,
where the sandstones form as a result of deposition in vertically
superimposed and horizontally contiguous deposits of large rivers
and deltas. In China, tight sandstone reservoirs are horizontally
contiguous and widely distributed in the lower Permian Shanxi
Formation and the lower Shihezi Formation, as well as beingction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Figure 1. Example and interpretations of modern braided river delta deposits. (a) Dry braided river delta in the Kimberley region in northwest Australia; (b) interpretations of
primary and secondary distributary channels in the delta (after: http://i1342.photobucket.com/albums/o771/zhangtuchuang/dilizhazhi/20121025011702921_zps4d9f9923.jpg).
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e152extensively distributed in the Xu-2, Xu-4, and Xu-6 of the Xujiahe
Formation (Tong et al., 2012). Currently, sweet spots in reservoirs in
tight sandstone strata are predicted on the basis of high-precision
geophysical methods and practices (Yang et al., 2004; Chen et al.,
2009; Yu et al., 2010; He et al., 2011; Khair et al., 2013; Yang
et al., 2013; Liu, 2014; Si et al., 2015; Zhou et al., 2015; Zhu et al.,
2015). However, reservoir prediction cannot fully depend on this
methodology, given the limits of the precision of seismic data and
the technology available in most reservoir areas. Therefore, from aFigure 2. Depositional patterns of primary and secondary distributary channels. (a) Durin
distributary channels in low-lying areas; (b) as the base level rises, ﬁne-grained sand bod
sediments are deposited in high interdistributary areas; (c) as the base level descends, the p
primary distributary channel sand bodies whereas high-lying areas are the sites of deposit
Please cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httsedimentological perspective, lithofacies paleogeographic maps
that reﬂect depositional environments are necessary for the
exploration of favorable reservoir zones (Shinn et al., 2014; Ding
et al., 2015). However, the high sand/formation ratios of sand-rich
strata make traditional lithofacies paleogeographic maps inade-
quate for subtle microfacies classiﬁcation and for effectively guid-
ing predictions of the location of reservoir sweet spots, and hence
sweet spot prediction has remained problematic in the ﬁeld of
petroleum exploration.g the initial stage of deposition, coarse-grained sand bodies are deposited in primary
ies are deposited in secondary distributary channels in higher areas, whereas muddy
aleogeomorphology gradually levels up as low-lying areas are the sites of deposition of
ion of secondary distributary channel sand bodies.
hy mapping and reservoir prediction in tight sandstone strata: A case
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Figure 3. Superimposition on a plane of distributary channels, and distribution model of sedimentary microfacies.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e15 3Based on analyses of the depositional characteristics of modern
sand-rich strata, the current study provides a new method of lith-
ofacies paleogeography mapping of tight sand-rich sandstone res-
ervoirs and the prediction of sweet spots. The new method is
applied to an analysis of the Xu-2 in the Hechuan area, Sichuan
Basin. The Xujiahe Formation in the Sichuan Basin is an important
exploration area for tight sandstone gas and oil (Xie et al., 2008;
Zeng et al., 2009; Wei et al., 2010; Xu et al., 2014; Lin et al., 2015),
and includes extensively distributed sand bodies (Wang et al., 2008,
2010; Tan et al., 2011; Guo et al., 2013b; Zhao et al., 2015). In
addition, the high ratio of sandstone thickness to total strata
thickness has resulted in the mapping of uniform depositional
facies over broad areas (Shi and Yang, 2011). However, such map-
ping cannot explain the marked heterogeneity giving rise to
reservoir sweet spots; also it is not capable of enabling precise
descriptions of deposits and reservoirs in the development stage.
Thus, the present study is of value not only in terms of perspectives
and methods, but also in the direct application to exploration and
development in the study area.
2. Principles and methods
To explore newmethods of lithofacies paleogeography mapping
of large-area sand-rich strata, this study examined shallow braided
river delta sediments in the Kimberley region of northwest
Australia. These sediments constitute a typical modern large-area
sand-rich deposit. Fig. 1 shows an aerial view of the delta during
the dry season, when the channels are dry. As shown in Fig. 1, the
braided river delta consists of several wide branching primary
distributary channels that bifurcate upward into numerous small
secondary distributary channels in highland areas on either side ofPlease cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httthe delta. These primary distributary channels are in low-lying
areas and were subject to strong hydrodynamic ﬂows during
their deposition. In contrast, the secondary distributary channels
are located in higher areas, and that deposition occurred under
conditions of relatively weak hydrodynamic ﬂow.
The observations above indicate that depositional characteris-
tics vary from area to area based on geomorphological character-
istics (Feng et al., 2015), which determine the depositional patterns
of primary and secondary distributary channels (Fig. 2). During the
initial stages of deposition, primary distributary channels in low-
lying areas experience strong hydrodynamic conditions and are
sites of the deposition of medium-coarse sands; grains are typically
coarse in size and sediments are well sorted (Fig. 2a). As the base
level rises, higher areas on either side of the channels experience
weaker hydrodynamic conditions (during periods of ﬂooding), and
ﬁner-grained sediments are deposited in secondary distributary
channels, which are usually branches of primary distributary
channels. In the highest areas, where hydrodynamic conditions are
weakest, ﬁne-grained inter-distributary silt-mud sediments are
deposited (Fig. 2b). As the base level falls, the topography gradually
becomes more level as a result of the deposition of sand bodies in
the primary distributary channels in low-lying areas, and in sec-
ondary distributary channels in higher areas (Fig. 2c).
The above analysis indicates that a succession of geomorpho-
logical conditions can control depositional patterns and differen-
tiate primary and secondary distributary channels on a braided
river delta plain, and that sand bodies in distributary channels can
be continually diverted and change course, with channels super-
imposed upon one another vertically, thus illustrating the evolu-
tionary processes of deposition and the sedimentary characteristics
of distributary channel systems. During the initial stage ofhymapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
Figure 4. Regional structure of Sichuan Basin and geological overview of the study area.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e154deposition, the preexisting geomorphology exerts a marked con-
trolling effect on deposition in primary distributary channels
(Fig. 3a), as deposition occurs ﬁrst in these channels in low-lying
areas. As the base level rises, the primary distributary channels
begin to change course and migrate to adjacent low-lying areas. As
a result, areas of deposition expand and secondary distributary
channels begin to develop in the relative high-lying paleo-
geomorphic areas (Fig. 3b). During later stages of deposition, as
base level continues to rise, secondary distributary channels
develop and are present in higher areas, and the control of the
preexisting geomorphology on the pattern of primary and sec-
ondary distributary channels becomes stronger (Fig. 3c). In the ﬁnal
stages of deposition, multiple phases of sedimentation in distrib-
utary channels are superimposed upon one another; numerous
primary distributary channels blanket low-lying areas, whereas the
development of secondary distributary channels is concentrated in
paleogeomorphic high-lying areas (Fig. 3d). Under conditions of
constant deposition, the distribution of depositional microfacies on
a given surface is characterized mainly by the pattern of primary
distributary channels developed in an area, with the distribution of
secondary distributary channels resulting in a patch-type distri-
bution of deposits (Fig. 3e).
According to the above analysis, the development of primary
distributary channels is concentrated in low-lying areas in the
preexisting topographic surface, with deposition consisting of
medium-coarse sandstone under strong hydrodynamic conditions;
such conditions are suitable for the deposition of skeletalPlease cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httsand bodies and large sandstone sets. Therefore, this paper pro-
poses a new method of lithofacies paleogeography mapping based
on paleogeomorphic constraints, which adopts “sand bodies of
primary distributary channels” instead of the commonly used
“sandstone” as a single factor in the analysis, and uses the “ratio of
sandstone to strata thickness” as a complementary single factor of
the analysis. We propose a lithofacies paleogeography mapping
method for revealing the distribution of skeletal sand bodies sub-
ject to paleogeomorphic constraints, according to the following
principles.
(1) The paleogeomorphology of an area (prior to the deposition of
sediment) is restored ﬁrst, and the controlling effects of pale-
ogeomorphology on the depositional patterns of strata are then
analyzed;
(2) A sequence stratigraphic comparison is conducted for the
entire area to establish the sequence stratigraphic framework.
Then, map units are selected at time intervals appropriate for
the particular study;
(3) The proper depositional units in the map area are selected as
mapping factors; these units constitute the primary single
factor. In the example of the shallow braided river delta
described above, the sand bodies of the primary distributary
channels are the primary single mapping factor. A contour map
of the sandstone thicknesses of the primary distributary
channels is developed by identifying the sand bodies based on
the GR values, exploiting statistics related to the grosshymapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
Figure 5. Seismic line section 1 (Fig. 4) showing the characteristics of ﬁlling and leveling of the Xu-2.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e15 5thickness of the sand bodies of primary distributary channels in
each well in the study area, and considering the control of
paleogeomorphology on the ﬁlling of the sand bodies;
(4) The dominant facies and microfacies are weighted by the
thickness of each depositional unit at a given point, to establish
the typical facies at each point. A correlation is established
between each depositional microfacies and the primary single
factor, and areas where different depositional microfacies are
developed are identiﬁed in the primary single factor map;
(5) A lithofacies paleogeography map is constructed, and deposi-
tional microfacies in each well are checked and veriﬁed, in
accordance with the dominant facies principle.3. Geological setting
The Hechuan area is located in the middle of the Sichuan Basin,
and the regional structure is part of the central uplift region (Fig. 4).
Locally, the region is located on the slope of an uplift of upper
Triassic foreland basin and the total area is 3.5  103 km2. During
the middleelate Triassic (200 Ma), the Paleo-Tethys Ocean gradu-
ally closed, and the Indo-China Block migrated towards the Yangtze
Plate, subduction during this time caused sea level to fall (Liu et al.,
2009). As the deposition of marine deposits on the passive conti-
nental margin basin of the Yangtze Plate ceased, a paraforeland
basin stage ensued, starting in the early late Triassic (Chen and Ran,Figure 6. Gross formation thickness line chart (a) and scatter diagram (b) of the thicknes
Please cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), htt1996) and triggered by compressional tectonics. The deposition of
Xu-2 (equivalent to the Norian Stage of the late Triassic), which is
examined in detail in the present study, marks the earliest basin-
forming period in the foreland basin. At the same time, the
eastern edge of the SongpaneGanzi fold belt was folded, charac-
terized by eastward-directed thrusting (Li et al., 1995), and a
highland landform developed in the east and lowlands in the west.
The Hechuan area is underlain by marine strata dominated by
carbonate rocks, and continental deposits dominated by sand-
stones of upper Triassic to Neogene age (Tong, 1992; Guo et al.,
1996). The Xujiahe Formation consists of a series of terrigenous
clastic rocks that include terrestrial, lacustrine, and ﬂuvial facies.
The thickness of the formation is relatively constant; the upper
surface is a disconformable contact with the Zhenzhuchong
Member of the Jurassic Ziliujing Formation, and the bottom surface
is an unconformable contact with the underlying Leikoupo For-
mation. The Xujiahe Formation can be divided into six members
(from bottom to top, Xu-1eXu-6) based on rock associations and
lithological characteristics. Xu-1, Xu-3, and Xu-5 are characterized
by black shale, mudstone with thin layers of argillaceous siltstone,
and coal seams; these members are the main hydrocarbon source
layers and cap rocks in the Xujiahe Formation. Xu-2, Xu-4, and Xu-6
are characterized mainly by gray medium- to ﬁne-grained lithic-
arkose sandstone, arkose-lithic sandstone, and lithic-quartz sand-
stone; these members are the main reservoir beds in the Xujiahe
Formation (Liu et al., 2005; Zhao et al., 2010).s before and after compaction correction of the Xu-1 and Xu-2 in the Hechuan area.
hy mapping and reservoir prediction in tight sandstone strata: A case
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Figure 7. Paleogeomorphic features prior to deposition of the Xujiahe Formation in the Hechuan area.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e156The Xu-2 in the Hechuan area is composed of a set of terrigenous
clasolite deposits, representing deposition in a warm, humid
climate, and featuring large sets of sandstone in blocks containing
thin black shale and coal deposits. The member is 150 to 250 m
thick (Fig. 4) and in general is thicker in the west and thinner in the
east.
4. Results
4.1. Paleogeomorphological restoration and the sediment-ﬁlling
characteristics of strata
Numerous wells are present in the Hechuan area, but their
uneven distribution hinders any detailed descriptions of the pale-
ogeomorphology of the Xujiahe Formation during different depo-
sitional stages, as determined from thicknesses of drilled strata. The
Xu-2 represents the ﬁlling and leveling of a karst surface on top of
the Leikoupo Formation. The Xu-3 represents intrabasinal argilla-
ceous lake-ﬂooding deposits, which indicate that the top of the Xu-
2 is relatively isochronous (Tan et al., 2013). Additionally, the top
surfaces of the Leikoupo Formation and Xu-2 Member are easy to
track in seismic sections (Fig. 5), which indicates that geophysical
methods can be effectively used to measure thicknesses of strata
between the top of the Leikoupo Formation and the top of the Xu-2;
such thickness data are useful for detailed descriptions of karst
paleotopography prior to deposition of the Xujiahe Formation.
However, the Xu-1 and Xu-2 consist of sand and shale (withPlease cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httsandstone dominant), and the thickness ratio of sandstone to total
strata differs among wells in the area, which can result in signiﬁ-
cant differences between the original and present-day thicknesses
of strata. Moreover, thickness ratios of sandstone to strata in inter-
well areas, which are required for the seismic stratigraphy thick-
ness method, are difﬁcult to obtain, which also poses challenges for
restoring the original thicknesses of the strata. Because of this, the
gross thicknesses of the Xu-1 and Xu-2 are based on a large number
(n¼ 84) of vertical wells. By considering the compaction rate of the
Xujiahe Formation, the original formation thicknesses in the 84
vertical wells were restored using a compaction simulation
method, as proposed by Guan (1992). The analysis demonstrates a
signiﬁcant linear correlation between present-day formation
thickness and the restored original formation thickness (Fig. 6),
indicating that in this area, variations in trends of present-day
formation thickness approximate those of the original formation
thickness. Thus, it is possible to approximately restore the karst
paleogeomorphology prior to deposition of the Xujiahe Formation,
using current formation thicknesses.
The current study is based on thickness variations in the Xujiahe
Formation, as determined from the top of the Leikoupo Formation
to the top of the Xu-2; these variations approximately represent the
karst paleogeomorphology prior to deposition of the formation
(Fig. 7). The paleogeomorphic map shows that prior to the depo-
sition of the Xujiahe Formation, the topography was marked by a
northwest-oriented overturn, moderately rugged terrain with
noticeable concave-convex surfaces, and the development ofhymapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
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Figure 9. Statistical measures of the GR values of different sandstones in fully cored wells.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e158several valley systems extending northwestwards. The seismic data
show that the Xu-1 is developed only in some topographically low-
lying areas in the northwest, which indicates the inﬂuence of
lacustrine environments on the deposition of this member. The Xu-
1 is present only in the northwest of the study area, and Xu-1 de-
posits are absent in the remainder of the area (Fig. 7). Based on the
paleogeographic location of the Hechuan area prior to late Triassic
deposition (Tan et al., 2013), we suggest that the provenance area
was mainly in the Jiangnan Ancient Land in the southeast of
Sichuan basin.
The results of the paleogeomorphic restoration, with reference
to the characteristics of formations, lithological correlation sec-
tions, and seismic sections crosscutting valleys, show that wells
Hechuan 130 and 146 are located in a paleogeomorphic low area,
and the well data show that in this area the formation generally
consists of medium- and coarse-grained sandstone, with medium
sandstone dominating. These features indicate that hydrodynamic
forces were generally strong during deposition of the sand bodies
in the Xu-2. The proportions of ﬁne sandstone and mudstone in-
crease fromwell Hechuan 146 to the higher-lyingwell Hechuan 145
and well Guangtan 1, located on either side of the low-lying
area, thus reﬂecting deposition of these ﬁner-grained sediments
under conditions of weaker hydrodynamic forces. In the highestFigure 10. Comparison of sequences along a northwestesoutheast
Please cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httpaleogeomorphic areas (wells Hechuan 132 and 144), ﬁne-grained
deposits are dominant and consist mainly of siltstone-mudstone
and ﬁne sandstone, indicating that hydrodynamic forces were
further reduced in these areas (Fig. 8a). In addition, an overlap of
low-lying strata onto highland areas on either side of the lowland
can be observed in the seismic section along the crosscut valley
section (Fig. 8b). These features are comparable to depositional
characteristics of the modern braided river delta discussed above.
Microtopographic differences between different karst topographies
can result in signiﬁcant variations in the distribution and accu-
mulation of sand bodies during initial depositional stages. Sedi-
ments are ﬁrst deposited in paleogeomorphic low-lying areas and
consist of coarse-grained sands deposited in primary distributary
channels. The high-lying areas to either side of low-lying areas are
characterized by sediments deposited in secondary distributary
channels and interdistributary deposits, and are ﬁner grained than
deposits in the low-lying areas.
4.2. Identiﬁcation of skeletal sand bodies using well logs
We have derived the statistics for natural gamma values of
coarse, medium, and ﬁne sandstones in three fully cored wells in
the study area, namely inwells Hechuan 149, 5, and 001-69. In welltransect for wells intersecting the Xu-2 in the Hechuan area.
hy mapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
Figure 11. Contour map of the sandstone thickness of primary distributary channels in MSC3 of the Xu-2 in the Hechuan area.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e15 9Hechuan 149, GR values are 48e52 API in coarse-grained sand-
stone, 59e80 API in medium-grained sandstone, and 78e97 API in
ﬁne-grained sandstone (Fig. 9a). In well Hechuan 5, GR values are
52e59 API in coarse-grained sandstone, 62e80 API in medium-
grained sandstone, and 79e100 API in ﬁne-grained sandstone
(Fig. 9b). In well Hechuan 001-69, GR values are 58e60 API in
coarse-grained sandstone, 65e83 API in medium-grained sand-
stone, and 77e99 API in ﬁne-grained sandstone (Fig. 9c). Based on
these data, we consider that GR values of <60 represent coarse-
grained sandstone, GR values of 60e80 represent medium-Figure 12. Correlation between each dominant facies and the thickness of primary distribu
GsteGross sandstone thickness.
Please cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httgrained sandstone, and GR values of 80e100 represent ﬁne-
grained sandstone.
4.3. Developing a sedimentary facies map of MSC3 in the Xu-2
using the new mapping method
Based on the analysis of paleogeomorphic controls on sedi-
mentation patterns, the Xu1 and Xu2 were assigned to two long-
term base-level cycles, namely LSC1 and LSC2, respectively. LSC2
was further divided into six mid-term base-level cycles, namelytary channel sandstone. PstePrimary distributary channel sandstone thickness;
hy mapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
Figure 13. Areas of distributary channel and interdistributary development in MSC3 of the Xu-2 in the Hechuan area.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e1510MSC1eMSC6 (Fig. 10). Considering the integrity of the sequence in
the study area and the reliability of the available research data,
cycle MSC3 was selected as an example of the application of the
mapping method, as described below.
(1) To study the distribution pattern of sedimentary facies of the
“sand-rich strata” in the Xu-2 in the Hechuan area, the Xu-2
was assigned to a long-term base-level cycle (LSC2) that
included six mid-term base-level cycles. One of these cycles,
MSC3, was used as the mapping unit;
(2) The depositional unit most appropriate for the mapping unit
was selected as the primary single factor. The sand bodies of
the primary distributary channels in MSC3were selected as the
primary mapping single factor, and a contour map of the
sandstone thickness of primary distributary channels was
developed by identifying the primary distributary channel
sand bodies; i.e., those with GR values of <80 API, thus
exploiting the statistics of the gross thickness of the primary
distributary channel sandstones in each well, as well as
considering the controls of paleogeomorphology on the dis-
tribution of sand bodies of primary distributary channels
(Fig. 11);
(3) A dominant facies principle was employed, in which the
depositional unit that accounts for the largest proportion of the
total strata thickness is used to represent the sedimentary
facies type at a given point. Given that the sandstone in the area
generally consists of sand bodies deposited in braided river-
delta-plain distributary channels, the ratio of sandstonePlease cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httthickness to total strata thickness can be used to determine if
the distributary channel is the dominant facies or not at a given
point; ratios of >0.5 indicate that distributary channels are the
dominant facies. A linear relationship between the “ratio of
sandstone to strata thickness” and “thickness of primary dis-
tributary channel sandstones” (Fig. 12a) shows a signiﬁcant
positive correlation between the two variables. The primary
distributary channel sandstone thickness of 2.8 m, which cor-
responds to a ratio of sandstone to strata thickness of 0.5, was
taken as the critical value. When the primary distributary
channel sandstone thickness exceeds 2.8 m, the distributary
channel microfacies are determined as the dominant facies. On
the contour map of the sandstone thickness of primary dis-
tributary channels in MSC3, the value of 2.8 mwas rounded up
to a value of 3 m. The areas with sandstone thicknesses of>3m
were identiﬁed as areas of distributary channel development,
whereas areas with thicknesses of <3 m were identiﬁed as
areas of non-development of such channels. As the non-
development areas are located in paleogeomorphic high-
lying areas, and feature mainly the development of ﬁne-
grained deposits such as mudstone or siltstone, the areas of
distributary channel non-development are represented mainly
by the development of interdistributary and washland deposits
(Fig. 13).
To differentiate between primary and secondary distributary
channels in areas where such channels are developed, a critical
thickness value is required. According to the dominant facieshymapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
Figure 14. Sedimentary facies map of MSC3 of the Xu-2 in the Hechuan area.
Y. Zhong et al. / Geoscience Frontiers xxx (2016) 1e15 11principle, a critical value should be obtained from the scatter dia-
gram of the relationship between the “primary distributary channel
sandstone thickness/gross sandstone thickness ratio” and the
“primary distributary channel sandstone thickness” (Fig. 12b). A
sandstone thickness of primary distributary channels of 8 m cor-
responds to a ratio of primary distributary channel sandstone
thickness to gross sandstone thickness of 0.5, and this value was
used as the critical value to differentiate between primary and
secondary distributary channels. On the contour map of the sand-
stone thickness of primary distributary channels, areas with
thicknesses of >8 m are identiﬁed as areas of primary distributary
channel development, whereas those areas with thicknesses of
3e8 m are identiﬁed as areas of secondary distributary channel
development (Fig. 14). It can be seen from the ﬁgure that the areas
of primary distributary channel development display good con-
nectivity, whereas the areas of secondary distributary channel
development scatter within the primary areas as patches.
5. Discussion
5.1. Effectiveness of the traditional method of mapping sedimentary
facies
After developing a sedimentary facies map of MSC3 using the
new mapping method, we compared it with the distribution of
facies generated using the traditional method. The traditional
method selects the “ratio of sandstone to strata thickness” as thePlease cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), httprimary single factor, with the areas with ratios of >0.5 being
identiﬁed as areas of distributary channel development, and the
areas with ratios of <0.5 being identiﬁed as interdistributary areas
(Fig. 15). The areal distribution of distributary channels is large,
however all the areas of distributary channel development are not
favorable for reservoir development, Therefore, from the point of
exploration and development, the accuracy of reservoir prediction
using the traditional method is low.
5.2. Veriﬁcation of reliability of the new method
The discovery of new reservoirs is an important criterion for
checking the effectiveness of the proposed method for mapping
sedimentary facies belts. A strong correlation between mapped
facies belts and reservoir discoveries indicate that the sedimentary
facies maps have important value for natural gas exploration. In
fact, our compilation of statistics on reservoir thicknesses in the
MSC3 layer in each well, and the construction of a bivariate plot
showing the correlation between primary distributary channel
sandstone thickness and reservoir thickness (Fig. 16), which in-
dicates a strong positive correlation between the two. The results
indicate that reservoirs should be better developed in areas where
the dominant facies reﬂects the development of primary distribu-
tary channels.
Furthermore, by adding the thicknesses of MSC3 reservoirs
obtained from each well to a sedimentary facies map in the form of
a bar chart, it can be seen that reservoirs are better developed inhymapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
Figure 15. Sedimentary facies map of MSC3 of the Xu-2 in the Hechuan area using the traditional method.
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poorly developed or not developed in areas of interdistributary and
secondary distributary channel development (Fig. 17). Also, by
compiling statistics on reservoir thicknesses and formation
porosity from each well in different facies belts, it was found that
the porosities of formations in areas of primary distributary chan-
nel development (average, 9.06%) (Fig. 18a) were greater than those
in areas of interdistributary and secondary distributary channel
development (average, 3.29%) (Fig. 18b). Reservoirs are well
developed in areas of primary distributary channel developmentFigure 16. Correlation between the primary distributary channel sandstone thickness
and reservoir thickness.
Please cite this article in press as: Zhong, Y., et al., Lithofacies paleogeograp
study from central Sichuan Basin, China, Geoscience Frontiers (2016), htt(average thickness, 6.25 m) (Fig. 18c), but are poorly developed or
not developed in areas of interdistributary and secondary distrib-
utary channel development (average thickness, 0.64 m) (Fig. 18d).
From another perspective, these results demonstrate a signiﬁcant
positive correlation between areas of sedimentary facies develop-
ment, the petrophysical properties of deposits, and the degree of
reservoir development. The sedimentary facies map can therefore
be used to predict favorable reservoir locations with a high degree
of accuracy.
In general, lithofacies paleogeographic mapping of “sand-rich
strata” enables identiﬁcation of the primary single mapping factor.
It also allows for the prediction of favorable reservoirs in widely
distributed microfacies of distributary channels, which until now
has proven difﬁcult. The new method also establishes correlations
between dominant facies and the primary single factor. It quanti-
tatively calculates distribution trends and boundary locations for
different microfacies. The method therefore provides reliable pre-
dictions of reservoir distributions.
6. Conclusions
(1) In this study, we analyzed the depositional characteristics of a
modern braided river delta system in the Kimberley region,
Australia, and established a depositional pattern and microfa-
cies distribution model of primary and secondary distributary
channels. The data were used to develop a lithofacies paleo-
geography mapping method based on the paleogeomorphic
controls of topography on patterns of deposition.hymapping and reservoir prediction in tight sandstone strata: A case
p://dx.doi.org/10.1016/j.gsf.2016.09.002
Figure 17. Comparison of reservoir development degree in different microfacies.
Figure 18. Comparisons of formation porosity and reservoir thickness in different microfacies.
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restore the paleogeomorphology prior to the deposition of
the Xujiahe Formation by employing the impression method.
In the well section along crosscut paleogeomorphic valleys, it
can be seen that paleogeomorphology has a differentiation
effect on the sediments in the sandstone. More speciﬁcally, in
the lowest-lying paleogeomorphic areas with very strong
hydrodynamic forces during deposition favour the develop-
ment of medium (dominant) to coarse sandstones. Whereas
at higher elevations the contents of ﬁne sandstone increase
due to weak hydrodynamic forces and the ﬁne deposits
consist of siltstone-mudstone and ﬁne sandstone. In the
seismic proﬁle along the crosscut valleys section, it can be
seen that deposits in paleogeomorphic low-lying areas
overlap the high-lying areas to either side; this pattern is
similar to that observed in the deposits of the modern
braided river delta.
(3) The mapping method developed in this study is based on
sequence division, using the mid-term cycle MSC3 in the Xu-2
as an example. The results show that extensively distributed
planar sand bodies can be divided into areas of primary dis-
tributary channel development, secondary distributary chan-
nel development, and interdistributary channel development.
The primary distributary channels are subject to paleo-
geomorphic controls and are interlaced with one another, with
good connectivity. A signiﬁcant correlation exists between the
areas of different microfacies and the degree of reservoir
development. Petrophysical properties are more favorable, and
reservoirs are better developed, in areas of primary distributary
channel development when compared to the areas of primary
distributary channel non-development. This is the ﬁrst report
that convincingly correlates the depositional patterns with
reservoir distributions in a gas ﬁeld in the development stage.
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